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Sca t t e r ing  d i s t r i b u t i o n s  have been measured f o r  A inc ident  
on f r e s h  e p i t a x i a l  Ag f i l m s .  For seve ra l  incidence angles ,  en- 
e r g i e s  of 1 and 2 eV were suppl ied by a  shock tube dr iven 
nozzle  beam. Sca t t e red  dens i ty  p r o f i l e s  i n  t h e  plane of incidence 
and 30" out-of -plane agree very we l l  i n  magnitude and d i r e c t i o n  
w i t h  c a l c u l a t i o n s  f o r  corresponding cases  using methods described 
by Oman. No a r b i t r a r y  sca l ing  of dens i ty  bevels was employed. 
The s c a t t e r i n g  p a t t e r n s  a r e  e s s e n t i a l l y  unchanged f o r  seve ra l  hours 
a t  5 x l f 7  t o r r .  Peak s i g n a l s  a r e  very high (> 10 times i n c i -  
dent f l u x  per s t e r a d i a n ) ,  and t h e  small amount of excess f l u x  near 
t h e  su r face  normal suggests t h a t  mosk s f  t h e  su r face  i s  a tomical ly  
f l a t .  Approximee measurements of r e f l e c t e d  v e l o c i t i e s  agree we l l  
wi th  p red ic t ions  except between the  specular  and t h e  normal, where 
measured v e l o c i & i e s  f o r  k b e  1 e V  case are  q u i t e  low. Measure- 
ments by Romney and Anderson ind ica te  good a g r e e m e n t  with t h e  s a m e  
theory  f o r  d i r e c t i o n  and width of ref lected b e a m  as energy varies 
f r o m  0,5 to 5 eV ,  
T h e  a b i l i t y  to predict momentum and energy  exchange between 
a  sur face  and a h i g h  energy [0(1 SIT)] rarefied gas flow appears 
t o  be l imi ted  pr imar i ly  because t h e  in tera tomic  p o t e n t i a l s  gsv- 
e rn ing  t h e  i n t e r a c t i o n s  a r e  not  Imown, Numerical methods t h a t  
include d e t a i l e d  physical  s t a t e s  of t h e  gas and the  su r face ,  and 
r e a l i s t i c  geometric r e l a t i o n s h i p s  are now a v a i l a b l e ,  and can be 
used t o  compute t h e  dynamics of the  i n t e r a c t i o n ;  however, the  r e -  
s u l t s  s f  these  c a l c u l a t i o n s  depend pr imar i ly  on the choice of the  
p o t e n t i a l  ( i n  e f f e c t ,  t he  atomic rad ius  a t  a  p a r t i c u l a r  energy) 
used t o  descr ibe  t h e  i n t e r a c t i o n .  Before r e l i a b l e  p red ic t ions  of 
aerodynamic fo rces ,  heat  t r a n s f e r ,  or su r face  chemistry can be 
made, b e t t e r  forms of the  governing p o t e n t i a l s  must be found. We 
be l i eve  t h i s  can be done by combining complex three  dimensional 
c a l c u l a t i o n s  w i t h  c a r e f u l l y  per fomed s c a t t e r i n g  experiments using 
~(211-def ined  s u r f a c e s ,  Quant i ta t ive  measurements of a s  many l o z a l  
p r o p e r t i e s  of the  s c a t t e r e d  d i s t r i b u t i o n s  a s  poss ib le ,  using sev- 
e r a l  r e l a t e d  systems ( e , g . ,  t he  family of i n e r t  gases s c a t t e r e d  by 
Ag)  over a broad energy range, should provide the  necessary i n -  
formation when combined w i t h  t heo ry  t o  determine the  governing po- 
t e n t i a l s .  O u r  experimental methods give th ree  dimensional quant i -  
t i v e  measuremenks of khe  scat tered density and mean v e l o c i t y  d i s -  
t r i hu t ions  as a fuui:ticon oL the- Caac lcie-slt bean1 er,ondj.tions These 
data  a r e  e07lns.i-ed Lbsr - - L Q  the r ~ s ~ i  l i-:-, ii vecy cotr-pLex tlzree dimer-r- 
sis-rial numer ica l  ~lodcb developed by O n x a ~  ~ r > d  e orn?a>rkers, 1 9 2  
T h e o r e t i c a l  Methods 
Many t h e o r e t i c a l  models of gas su r face  i n t e r a c t i o n  have ap- 
peared i n  the  l i t e r a t u r e  i n  r ecen t  years  (cf ., the  review by 
3 Hurlbut ) .  These models may be looseby categorized a s  hard cube 
and s o f t  cube theory,  l a t t i c e  theory,  parameter izat ion of d i s t r i -  
but ion  funct ions ,  and numerical experiment. A l l  of these  models 
assume p a r t i c u l a r  forms f o r  the  i n t e r a c t i o n  p o t e n t i a l s  t h a t  a r e  
based on ex t rapo la t ion  of concepts r e l a t e d  t o  gas-gas i n t e r a c t i o n s ;  
i n  the  epitkermal energy range, even the  p o t e n t i a l s  of the  gas-gas 
problem a r e  n o t  wel l  e s t ab l i shed .  The degree t o  which any of t h e  
above models r ep resen t  t h e  r e a l  i n t e r a c t i o n s  can only be determined 
from good experiments i n  t h e  appropr ia te  energy range w i t h  p a r t i c u -  
l a r  emphasis placed on sur face  c h a r a c t e r i z a t i o n  (crys ta l lography 
and atomic c l e a n l i n e s s ) ,  
The theory we developed over t he  pas t  s e v e r a l  years  i s  de- 
scr ibed  i n  Refs .  1 and 2 .  It i s  perhaps b e s t  understood a s  a 
numerical experiment designed t o  reproduce,  as f a i t h f u l l y  as pos- 
s i b l e ,  the  geomeery of t h e  encounter.  The major drawback of the 
method a s  it s tands  i s  t h a t  i t  requi res  a f a i r l y  l a rge  computa- 
t i o n a l  e f f o r t  t o  get s t a k f s t i e a % l y  reliable f l u x  d i s t r i b u t i o n s  
(about 5 minutes an an SBM 360-75 yf"e1d.s 108 t r a j ec to r i e s  on 
t h e  exit:: hemisphere, a ~~u inhe r  whi; ckr will g i i ~ e ,  after i n$e rpo la t$an ,  
f l ~ ~ c t u a t i o n s  in spatia k d i s c r j  I P ~ I ~ ~ O S  usually l e s s  chat; 20% if 
the peak f l u x  i n  as Large a s  LO 11ni-rs o f  i s ~ c i d e n t  1 x 1 1 ~  per S L C ~ -  
ad i an ) ,  The  mgtbsd depends on numerical integration o f  t h e  
c l a s s i c a l  equat ions of motion f o r  a s e r i e s  of gas atoms imping- 
ing on a  system of harmonic o s c i l l a t o r s .  The  o s c i l l a t o r s  a r e  
usua l ly  assumed t o  be independent of each o the r ,  and l inked t o  
the  gas p a r t i c l e  by an assumed pairwise p o t e n t i a l .  To da te  we 
have used only the Lennard-Jones 6-12 p o t e n t i a l ,  but evidence 
discussed i n  t h i s  paper i n d i c a t e s  t h a t  b e t t e r  choices can now be 
considered a s  a  r e s u l t  of the  comparison between complex theory 
and epithermal experiment, Several  f e a t u r e s ,  such a s  thermal 
motion i n  the  l a t t i c e ,  contaminants on the  su r face ,  v a r i a t i o n s  
i n  l a t t i c e  s t r u c t u r e ,  coupling between l a t t i c e  o s c i l l a t o r s ,  and 
i n t e r n a l  degrees of freedom f o r  a  diatomic gas p a r t i c l e  have been 
incorporated,  and can be included whenever des i red .  
Thermal and S t r u c t u r a l  
The theory p r e d i c t s  average momentum and energy s t a t e s  f o r  
the  r e f l e c t e d  atoms, and s p a t i a l  d i s t r i b u t i o n s  of var ious moments 
( e . g , ,  densi ty ,  f l u x ,  mean ve loz i ty ,  etc , $  of t h e  l o c a l  vsBoeity 
d i s t r i b u t i o n .  I n  t h i s  reporr  we present  severa l  c a l c u l a t i o n s  of 
the l o c a l  dens i ty  r a t i o  Qi .e . ,  the  f r a c t i o n  of  the e x i t  dens i ty  
f i e l d  t h a t  passes ttrrottgh a given local aani.t s o l i d  aiagle), t h e  
p r o p e r t y  we measured in the present experiments, From t h e  Labora- 
t o r y  and tk-ieoreticak d r i k  we p x e s e l ~ ;  here, it i s  not possib%e to 
L L S G  distribution w i t h  changes in i n c i d e n t  determine the trends og "I-*- 
energy or angle, but the t rends  naked in our prev ious  c a l c u l a t i o n s  
and i n  t h e  data o f  o t h e r  workers a r e  consis tent  w i t h  t h e  p r e s e n t ,  
more d e t a i l e d ,  c a s e s .  For placing the  present  cases i n  proper 
perspect ive ,  it i s  u s e f u l  t o  review b r i e f l y  the  concept of two 
regimes, denoted by thermal and s t r u c t u r a l  s c a t t e r i n g .  2 
The dominant e f f e c t  i n  thermal s c a t t e r i n g  i s  t h e  thermal motion 
of the  sur face  atoms. In t h i s  regime, the  s c a t t e r e d  d i s t r i b u t i o n  
becomes narrower (with a  correspondingly higher peak magnitude) a s  
t h e  inc iden t  energy i s  increased .  The change i n  t angen t i a l  rnoxen- 
tum i n  t h e  r e f l e c t i o n  i s  usual ly  small ,  because the  p o t e n t i a l  f i e l d  
of the  sur face  i s  q u i t e  smooth a t  t h e  penet ra t ion  l e v e l  reached by 
the  ( r e l a t i v e l y )  low energy gas atom. The d i r e c t i o n  of the peak 
a l s o  s h i f t s  toward t h e  tangent i n  thermal s c a t t e r i n g  a s  the i n c i -  
dent energy i s  increased .  S t r u c t u r a l  s c a t t e r i n g ,  on the  o the r  
hand, i s  charac ter ized  by the  dominance of the  ind iv idua l  atomic 
s i t e s  a s  s c a t t e r i n g  c e n t e r s ,  thereby giving a  auch more broadly 
s c a t t e r e d  d i s t r i b u t i o n  and a  r e v e r s a l  of the  above t rends  w i t h  
energy. S t ruc tu ra% s c a t t e r i n g  occurs a t  much higher inc ident  
energy f o r  a  given system of species  and incidence angle .  The 
change i n  t a n g e n t i a l  momentum i s  o f t en  q u i t e  l a rge ,  and out-of- 
plane s c a t t e r i n g  i s  quiet? pronounced. 
The transition thorn thermal to structural s c a t t e r i n g  does n o t  
appear to be sudden. I t s  exact f e a t u r e s  are s t i l l  masked by six- 
t i s t i c a l  f lue tua t ions  i n  the theoretical distributions, and by a  
genera l ly  i n s u f f i c i e n t  quan t i ty  of both kinds of d a t a .  It appears 
t h a t  t h e  t r a n s i t i o n  shows up a t  d i f f e r e n t  energies  f o r  d i f f e r e n t  
f e a t u r e s  of the  d i s t r i b u t i o n ;  e.g.,  t h e  turn-around i n  peak d i -  
r e c t i o n  occurs a t  a  lower energy than the  turn-around i n  peak mag- 
n i tude  or i n  $-magnitude width, Thus, the  t r a n s i t i o n  i s  b e s t  de- 
sc r ibed  a s  a  region, no t  a  d i s c r e t e  energy l e v e l  f o r  a  given system. 
The t r a n s i t i o n  appears t o  depend most s t rong ly  on the  s i z e  of the  
c o l l i d i n g  atoms r e l a t i v e  t o  t h e  spaces between atoms i n  t h e  l a t t i c e ;  
thus  a  d i f f e r e n t  l a t t i c e  s t m c t u r e  may g r e a t l y  a f f e c t  t h e  c h a r a c t e r  
and p o s i t i o n  of the  t r a n s i t i o n  range, even f o r  the  sane gas and 
su r face  spec ies ,  The present  work, l imi ted  t o  the  t ight ly-packed 
(111) plane of s i l v e r  sur faces ,  shows very d i f f e r e n t  behavior from 
t h a t  of a  more loose ly  packed sur face ,  such a s  the  (100) bcc tung- 
s t e n  surface.  
imen t s  
Five previously report-ed gas-surface i n t e r a c t i o n  experiments 
i n  the epithermal energy range included at tempts  t o  ensure c l ean  
sur faces .  4-8 AZcalay and i<nuth4 reported q u a l i t a t i v e  in-plane den- 
s i t y  s c a t t e r i n g  distributions from epitaxiaLZy deposited Ag f i lms  
f o r  1 eV and I,? eV argon beams ,  No el  e a r  t r e n d s  were 
e s t ab l i shed ,  bur  there was e t i idence  %.ha;- all o f  t h e i r  d i s ~ r i b s l -  
tions e x h i b i t e d  u ~ e ) z p ~ c t ~ h d  1nv2lripbe Lobes, One o f  t h e  lobes 
would t y p i c a l l y  l i e  in t h e  v i c i n i t y .  o f  the specu1.a.r d i r e c t j o n ,  
The most su rp r i s ing  r e s u l t  was the  presence of s t rong back- 
s c a t t e r e d  peaks i n  a l l  of t h e i r  da ta .  Subsequent dens i ty  d i s -  
t r i b u t i o n  da ta  (Ref. 5) obtained i n  t h e  same l abora to ry  showed 
broadly s c a t t e r e d  f i e l d s  wi th  no c l e a r  peaks. These d a t a  a r e  not  
c o n s i s t e n t  wi th  our present  da ta ,  or wi th  t h a t  r epor ted  by Romney 
and Anderson. 7 
The opera t iona l  procedure descr ibed i n  Ref.  4 suggests  t h a t  
Alcalay and Knuth allowed t h e i r  sur faces  t o  coo l  below the  tem- 
pe ra tu res  recommended f o r  e p i t a x i a l  formation during the  time 
of depos i t ion .  It i s  a l s o  l i k e l y  t h a t  the  300'K tempera- 
t u r e  maintained during the s e r i e s  of experiments descr ibed i n  
Ref. 5 r e s u l t e d  i n  much higher  su r face  contamination l e v e l s  than  
those  present  i n  t h e  o ther  inves t iga t ions ,  because res idence  times 
of weakly bound adsorbates  a r e  exponent ial  funct ions  of su r face  
temperature.  We the re fo re  conclude t h a t  t h e  d a t a  of Refs .  4 and 5 
a r e  not  r e p r e s e n t a t i v e  of s c a t t e r i n g  from c lean ,  e p i t a x i a l  su r -  
f a c e s .  However, the  f ack tha% mas& inves t  igakors f i n d  behavior 
t h a t  i s  suggest ive of more i d e a l  sur faces  should not  be construed 
as  proof chat any o f  the  subject surfaces are clean o r  i d e a l ,  
6 0 1  Keefe scattered =gon beams ( .  25-2 -0 eVj  from hcc (100) 
tungsten s i n g l e  crystals, The t e s t  sur tace  was carefuLLy charac- 
terized by electron microscopy and refLeeted high energy electron 
d i f f r a c t i o n  before  being placed i n  the t e s t  chamber. Surfaces 
were cleaned by e l e c t r o n  bombardment hea t ing ,  and t h e  chamber was 
maintained a t  10 - 10 t o r r .  During t h e  experiment a measure of t h e  
amount of gas coverage (adsorption) on t h e  su r face  was obtained by 
us ing  r e t a r d i n g - f i e l d  diode measurements of the  su r face  work func- 
t i o n .  This work i s  e s p e c i a l l y  important because absolu te  va lues  
of t h e  s c a t t e r e d  dens i ty  d i s t r i b u t i o n s  were repor ted  as  a funct ion  
of inc iden t  beam energy and a t t a c k  angle .  For a v a r i e t y  of su r -  
f a c e  temperatures t h e  d i s t r i b u t i o n s  could be descr ibed as  a s i n g l e ,  
s t rong ly  d i r e c t e d ,  very narrow lobe between t h e  specular  and t h e  
tangent  f o r  a l l  energ ies  inves t iga ted .  In  s p i t e  of t h e  g r e a t  care  
taken i n  t h e s e  experiments, a t tempts  t o  compare them wi th  our 
theory have been quest ionable ,  l a rge ly  because t h e  t e s t  su r face  
w a s  hydrogen-saturated f o r  a l l  of t h e  d i s t r i b u t i o n s  presented,  and 
we do no t  know enough about t h e  H-W bond conf igura t ion  t o  produce 
an unequivocal c a l c u l a t i o n .  
7 Romney and Anderson s c a t t e r e d  argon beams ( .05-5.0  e V )  from 
e p i t a x i a l l y  deposi ted Ag f i lms .  The surfaces  were charac ter ized  
by X-ray and electron diffraction methods and found t o  be a strongly 
oriented fcc (k l l )  surf ace, The presence of some unknown contaminant 
on the surface was noted ,  bu t  t h e r e  is no way s f  knowing w h e t h e r  it: 
was present dur ing  the experiment, Surface cleanliness was occasionally 
cheeked du r ing  t i r e  experiu;er:ts by u b s e r v i r r ~  o helium beam scatterLrig 
9 patterns as suggested by Saltsburg and SmiLh, T h e  scattered dens i cy  
distributions obrainrd by Roxney and Anderson can be described by a 
s i n g l e  d i r e c t e d  lobular  peak over t h e  e n t i r e  energy range, The d i s -  
t r i b u t i o n s  were p l o t t e d  i n  a r b i t r a r y  u n i t s  and ind ica ted  exce l l en t  
agreement w i t h  t h e  thermal energy da ta  of Sa l t sburg  and s m i t h . '  The 
v a r i a t i o n s  w i t h  i nc iden t  energy of the  peak d i r e c t i o n  and t h e  h a l f -  
width of Che d i s t r i b u t i o n  agreed q u i t e  favorably w i t h  the  t h e o r e t i c a l  
p red ic t ions  of Oman. 2 
8 I n  a r ecen t  work M i l l e r  and Subbarao have measured d i r e c t i o n s  of 
peak s i g n a l  and angular width a t  $-amplitude f o r  neon and argon beams 
on e p i t a x i a l  s i l v e r  (111) films. Their inc iden t  energies  range 0.06 
t o  2 . 5  eV. They found evidence of a  c l e a r  t r a n s i t i o n  from thermal t o  
s t r u c t u r a l  s c a t t e r i n g  i n  both systems, and were a b l e  t o  o f f e r  some cor-  
r e l a t i n g  r e l a t i o n s h i p s  t o  r e l a t e  the  energies  of t r a n s i t i o n  t o  inc ident  
angle  i n  each case .  It appears t h a t  t h e i r  values f o r  t r a n s i t i o n  energy, 
p a r t i c u l a r l y  i n  the  case of argon, a re  somewhat loxer  than t h a t  i n d i -  
ca ted  by the  behavior of the  present  r e s u l t s ,  although tbe  c l e a r  t rends  
they present  appear t o  c o n f i r m  the  q u a l i t a t i v e  f e a t u r e s  of the expected 
behavior.  
I n  t h i s  r e p o r t ,  measurements of the absolu te  magnitude of the den- 
s i t y  f i e l d  and mean v e l o c i t y  f i e l d  r e s u l t i n g  from the  s c a t t e r i n g  of l e v  
and 2 eV ar8or.a beams from f r e s h l y  deposited epitaxial s i l v e r  f i lms  are 
compared to p r e d i c t i o n s  o f   he t h e o r y  descr ibed in Refs ,  L and 2 ,  Ex- 
periment and eaLeuLatFons are compared both in and o u t  sf t h e  i n c i d e n t  
p l a n e ,  9 
A shock tube  terminated w i t h  a hypersonic nozzle was used a s  
a source f o r  obta in ing  ep i t he rmb  erxergy in high i n t e n s i t y  mobecu- 
l a r  beams of a wide v a r i e t y  of gases .  Devices of t h i s  type have 
10 11 been descr ibed by Skinner, Jones, and i n  seve ra l  of our con- 
t r a c t  r e p o r t s .  12 
The s h o r t  t e s t  times of these  f a c i l i t i e s  present  some advan- 
t ages ;  they  o f f e r  a very h igh  s i g n a l l n o i s e  r a t i o  due t o  low back- 
ground, high i n t e n s i t y ,  and t h e  pulse  na tu re  of the  s i g n a l .  They 
do no t  present  l a r g e  vacuum pumping requirements or t h e  a s soc ia ted  
back pressure  e f f e c t s  on beam formation, and they o f f e r  the  oppor- 
t u n i t y  t o  con t ro l  p r e c i s e l y  t h e  exposure of a sur face  t o  gas be- 
tween i t s  prepara t ion  and i t s  i n v e s t i g a t i o n .  Their p r i n c i p a l  
disadvantage i s  t h a t  da ta  a c q u i s i t i o n  r a t e  i s  low. 
A planform schematic of t h e  Grumman molecular beam f a c i l i t y  
i s  shown i n  Fig .  I .  The shock tube ,  operated i n  t h e  r e f l e c t e d  
mode, provides a high temperature t e s t  gas f o r  seve ra l  m i l l i -  
seconds. Hypersonic expansion i n  a conica l  nozzle converts  most 
of t h e  s t agna t ion  energy i n t o  t r a n s l a t i o n a l  energy. 'Phe core  of 
t h e  expanded flow i s  col l imated using two, and sometimes th ree ,  
con ica l  skimmers, while t h e  remainder of t h e  flow f i e l d  i s  r e -  
jec ted  i n t o  a large ou te r  vacuum chamber, After  coblimation t h e  
beam passes into t h e  test chanrber where it s t r i k e s  the ta rge t  
su r face .  The reflected d e n s i t y  d i s t r i b u t i o n  1s measured us ing  eLec- 
t r s n  bombardment detectors that are mounted on c i r c u l a r  hoops cen- 
t e r e d  a t  t h e  t a r g e t  l o c a t i o n .  Ffeasurements of the t i m e  of f l i g h t  
between an appropr ia t e  re ference  l o c a t i o n  and t h e  d e t e c t o r s  a r e  
o f t e n  used t o  ob ta in  mean values of t h e  inc ident  and r e f l e c t e d  
beam v e l o c i t i e s ,  although t h i s  i s  only poss ib le  under c e r t a i n  con- 
d i t i o n s .  
The angle  of a t t a c k  between t h e  t a r g e t  normal and t h e  i n c i -  
dent beam, a s  w e l l  a s  t h e  p o s i t i o n  coordinates  of t h e  d e t e c t o r s  
can be v a r i e d  t o  an accuracy of a  few ten ths  of a  degree from 
ou t s ide  t h e  t e s t  chamber, without l o s s  of vacuum. External  con- 
t r o l  of t h e  d e t e c t o r s  i s  l i m i t e d  t o  one degree of freedom, t h a t  
i s ,  t h e  d e t e c t o r s  a r e  f i x e d  on t h e  hoops a t  p a r t i c u l a r  values of 
, t h e  angle  r e l a t i v e  t o  t h e  plane of incidence (see apparatus- 
o r i en ted  coordinates  i n  F ig .  2 ) .  The hoops can be r o t a t e d  t o  new 
pos i t ions  ( i . e . ,  values of 8) before each shock tube run;  the  
out-of-plane de tec to r s  descr ibe  a r c s  i n  planes t h a t  a r e  p a r a l l e l  
t o  t h e  plane of incidence,  
Targets  
- 
In t h e  present  s e r i e s  of experiments we employed t h e  e p i t a x i a l  
depos i t ion  technique f i r s t  used i n  molecular beam experiments by 
9 Sal tsburg and Smith. n i s  kechnique can. be very use fu l  i n  escab- 
l i s h i n g  a cornon s t a n d a r d  between labora tor ies  ( c f , ,  this r e p a r t ,  
9 7 % Saltsburg and Srrrith., and Ronaey and Anderson J , as jwe:i.l. as in 
furnishing experimental surfaces  that are strongly or ien ted  
f cc  (111) Noreoverj the  surfaces appear to be clean and snlooth 
t o  a  very high degree on an atomic s i z e  s c a l e .  We deposfeed 
s i l v e r  vapor from an e l e c t r i c a l l y  hea ted  c r u c i b l e  onto a  cleaved 
Muscovite mica s u b s t r a t e  t h a t  was maintained a t  555 C 10°K. The 
beam experiment can be i n i t i a t e d  during depos i t ion ,  or  a t  any de- 
s i r e d  i n t e r v a l  t h e r e a f t e r .  S c a t t e r i n g  p a t t e r n s  obtained wi th  the  
Ag source a c t i v e  were the  same a s  those obtained a f t e r  cessa t ion  
of t h e  depos i t ion  f o r  up t o  24 hours i n  moderate vacuum of 10 - 7 
t o r r .  Most of our da ta  were taken wi th  t h e  source i n a c t i v e .  
The t a r g e t  hea te r  and vapor iza t ion  source used i n  t h e  deposi-  
t i o n  a r e  not  shown i n  Fig .  1. The t a r g e t  hea te r  i s  simply a  copper 
block hea ted  by i n t e r n a l  tungsten f i laments .  Surface temperatures 
a r e  measured by using a  chrome1 alumel thermocouple a t tached t o  
t h e  center  of t h e  block. The vapor iza t ion  source was f a b r i c a t e d  
by wrapping and cementing (alumina cement) a  .01" diameter tung- 
s t e n  f i lament  about an alumina c r u c t b l e .  The evaporation source 
temperature was measured by monitoring t h e  power input t o  t h e  
f i laments  a f t e r  c a l i b r a t i o n  aga ins t  an o p t i c a l  pyrometer. 
Detectors  
-- 
The detectors used i n  our sea tee r ing  experiments a r e  s p e c i a l l y  
constructed e l e c t r o n  bombardment ic rn iza t  ion gauges (Fig. 3 )  . Our 
design is a m o d i f i e d  version oE t h e  through-glow type  developed 
by Hagena and Heukes, 13 d collimated r i bbon  of electrons perpen-  
d i c u l a r  t o  t h e  directton of flow produces an ion  cur ren t  t h a t  i s  
propor t ional  t o  t h e  instantaneous l o c a l  number dens i ty  of the  
n e u t r a l  molecules. We have determined t h e  nominal s e n s i t i v i t y  
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of s e v e r a l  of t h e s e  gauges i n  chopped e f f u s i v e  beams t o  be 10 
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microamps of ion  c u r r e n t  f o r  1 argon atom/em , w i t h  1 ma of 
emission c u r r e n t .  
T h e  n e u t r a l  beam passes through the  d e t e c t o r  w i t h  no important 
a t t enua t ion  because t h e  flow i s  extremely r a r e f i e d ,  and only about 
one i n  lo4 n e u t r a l s  a r e  ionized.  This  f e a t u r e  permits measure- 
ment of v e l o c i t i e s  between tandem d e t e c t o r s ,  and has been used i n  
our more recen t  work t o  measure t h e  inc iden t  beam p r o p e r t i e s  during 
each run.  
Detecto 
---- 
The output s i g n a l  ( ion c o l l e c t o r  cu r ren t )  of a  d e t e c t o r  i s  
i n  t h e  form of a pulse,  t h e  height  of which i s  t h e  l o c a l  d e n s i t y  
during t h e  t e s t .  Figure 4 shows t y p i c a l  s i g n a l s  f o r  an inc iden t  
beam (4a) and fo r  t h e  same beam a f t e r  r e f l e c t i o n  from a  su r face  
(4b).  En add i t ion  t o  the  pulse  he igh t ,  it i s  o f t en  poss ib le  t o  
e x t r a c t  a great  d e a l  sf  i n f o m a t i o n  about v e l o c i t y  d i s t r i b u t i o n s  
from t h e  pu l se  shape ,  In  p r i n c i p l e  t h i s  i s  simple, as a p e r f e c t l y  
instantaneous start with a f i n i t e  f l i g h t  t i m e  resul t s  i n  a downstream 
signal tha t  is the  i n t e g r a l  of the E l  igkt time (inverse vel.ocj&y) 
distribution, By electronic differentiation one can recover the 
funct ion  d n l d t ,  which is rebated t o  the distribution function 
expressed i n  terms of t h e  a x i a l  v e l o c i t y  component, u ,  by t h e  
express ion  
where L = r e fe rence  length,  t = t i m e  measured from re fe rence  
CO 
l o c a t i o n ,  and n  = number dens i ty  J L t  F(u)dul .  
In p r a c t i c e  t h e r e  a r e  some major d i f f i c u l t i e s  i n  t h e s e  mea- 
surements. The pulse  i s  not  a p e r f e c t  s t e p ,  t h e  spread i n  a r r i v a l  
t ime of t h e  inc iden t  beam l i m i t s  t h e  r e s o l u t i o n  of t h e  r e f l e c t e d  
v e l o c i t y  measurements, and d i f f e r e n t i a t i n g  the  t r a c e s  g r e a t l y  re- 
duces t h e  s i g n a l l n o i s e  r a t i o .  By f a r  t h e  b igges t  problem, however, 
a r i s e s  from t h e  s m a l l  amount of f l u i d  t h a t  i s  processed by unsteady 
waves a t  t h e  beginning of the  nozzle  flow period.  In  t h e  unsteady 
process increased s tagnat ion  enthalpy i s  produced, r e s u l t i n g  i n  
flow v e l o c i t i e s  t h a t  a r e  s i g n i f i c a n t l y  l a r g e r  than the  mean s teady 
flow value .  lshe t ime-of - f l igh t  d i s t r i b u t i o n s  the re fo re  show a  
high v e l o c i t y  wing, a s  can be seen i n  t h e  lower t r a c e s  of F igs .  4a 
and 4b.  In  most cases t h e  starting portions are we l l  separa ted  
from the  distributions for the established flow, so we have used 
them to e s t i m t e  time-of-flight v e l o c i t y  when such is the  case, 
Although they are not very accurate, we believe t h a t  these measure- 
ments are  meaningful, because v e l o c i t y  measurements in unskimned 
flows downstream of nozzles made in our f a c i l i t y  agree v e r y  w e l l  
w i t h  c a l c u l a t e d  va lues  f o r  an i d e a l  a d i a b a t i c  expansion, and be- 
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cause measurements r epor ted  by Nagena, using pulsed molecular 
beams i n d i c a t e  t h a t  t h e  mean v e l o c i t y  measured a t  t h e  peak of t h e  
t ime-of - f l igh t  d i s t r i b u t i o n  i s  i d e n t i c a l  a t  t h e  s t a r t  of t h e  pulse  
and a t  some l a t e r  t i m e .  
Absolute magnitudes s f  the  dens i ty  and velocity d i s t r i b u t i o n s  
f o r  1 and 2 eV argon beams s c a t t e r e d  from e p i t a x i a l l y  deposi ted 
Ag f i lms  a r e  compared w i t h  predic ted  d i s t r i b u t i o n s  obtained from 
Oman's t h e o r e t i c a l  model of t h e  i n t e r a c t i o n .  The coordina te  systems 
used t o  de f ine  t h e  p o s i t i o n s  of measurement a r e  shown i n  F ig .  2 .  
The t h e o r e t i c a l  c a l c u l a t i o n s  were performed using sur face-or iented  
coordina tes ,  but t h e  r e s u l t i n g  dens i ty  f i e l d  was computed i n  
appara tus-or iented  coordinates  ( r i g h t  s i d e  of F ig .  2) f o r  purposes 
of comparison wi th  the  l abora to ry  da ta .  The dens i ty  da ta  a r e  pre- 
sented  as l o c a l  va lues  of p ( the  number densi ty)  divided by p , i 
an equivalent  measure of t h e  inc ident  beam. The r a t i o  p / p i  rep-  
r e s e n t s  t h e  f l u x  r a t i o  ( the  f r a c t i o n  of t h e  inc iden t  f l u x  t h a t  
emerges i n  a  p a r t i c u l a r  u n i t  s o l i d  angle) amplif ied by t h e  r a t i o  
of inc ident  t o  l o c a l  r e f l e c t e d  v e l o c i t y .  The p / p i  r a t i o  w a s  ob- 
t a ined  by d iv id ing  t h e  measured r e f l e c t e d  (densi ty)  s i g n a l  per 
s t e r a d i a n  of de tec to r  by t h e  s i g n a l  from an i d e n t i c a l  gauge t h a t  
i n t e r c e p t s  the  e n t i r e  inci.dent beam. The v e l o c i t y  da ta  a r e  normal- 
ized  i n  a  s i m i l a r  manner. Averages of the  inc ident  beam p r o p e r t i e s  
obtained from repeated  c a l i b r a t i o n  runs were used i n  t h e  normaliza- 
t i o n s  i n  most of the data presented, although recent ly  direct mea- 
surements have been used, 
Scattered density f i e l d s  are shown in F i g s ,  5-8 f o r  t h e  
plane of incidence and, in most cases, f o r  38" out  of p lane ,  
Out of plane da ta  a r e  necessary t o  g ive  a  complete p i c t u r e  of 
t h e  s c a t t e r i n g  process .  From c o n t i n u i t y  cons idera t ions ,  one 
can s e e  t h e  i n t e g r a l  of t h e  f l u x  r a t i o  over t h e  e n t i r e  e x i t  
hemisphere must be equal  t o  2rr. The out of plane d a t a  p resen t ly  
a v a i l a b l e  a r e  not  s u f f i c i e n t  t o  enable t h i s  type of c a l c u l a t i o n .  
W e  do, however, measure absolu te  va lues  of t h e  dens i ty  f i e l d s ,  s o  
t h a t  we can use  the  r e l a t i v e  agreement between theory and exper i -  
ment a s  a measure of spec ies  conservat ion,  because ma te r i a l  ba l -  
ance i s  i m p l i c i t  i n  t h e  theory .  
I n  F igs .  5, 6, and 7, t h e  s c a t t e r e d  dens i ty  d i s t r i b u t i o n s  
a r e  shown f o r  a  nominal 1 eV argon beam inc iden t  a t  40°, 50°, 
and 60" w i t h  r e spec t  t o  the  t a r g e t  normal. The p l o t s  show the  
f r a c t i o n  of t h e  inc iden t  dens i ty  per  s t e rad ian  a s  a  funct ion  of 
t h e  r e f l e c t e d  in-plane angle  8 .  The t h e o r e t i c a l  d i s t r i b u t i o n s  
2 i n  F ig .  6  a r e  the  same d a t a  previously repor ted  by Oman, except 
t h a t  now the  dens i ty  i s  shown ins tead  of t h e  f l u x  f o r  t h a t  case .  
The d a t a  of P igs .  5 and 7 were ca lcu la ted  e s p e c i a l l y  f o r  t h i s  
work, and t h e  parameters used t o  descr ibe  the  in tera tomic  poten- 
2 t i a l s  i n  t h e  t heo re t i ca l  model were selected on t h e  b a s i s  of a 
comparison w i t h  t h e  300°K nesn/silver data of Saltsburg and 
9 Smith, Quantitative agreement between theo ry  and experiment is 
q u i t e  goad, except  in the v i c i n i t y  of the  target  normal, where t he  
experimental  data for  aLI test conditions consistently show a n  
excess ive  dens i ty .  A s  t h e  incidence angle  i s  increased the ex- 
per imental  d i s t r i b u t i o n s  sharpen r e l a t i v e  t o  the  t h e o r e t i c a l  pre- 
d i c t i o n s ,  and t h e  peak l o c a t i o n  devia tes  s l i g h t l y  toward t h e  
tangent  from t h e  predic ted  va lue .  We suspect  these  depar tures  
from theory a r e  p a r t l y  a r e s u l t  of de fec t s  i n  t h e  experimental  
su r face ;  these  de fec t s  become more apparent a s  t h e  angle  of in -  
cidence inc reases .  The backsca t te red  d e n s i t i e s ,  i n  t h e  v i c i n i t y  
of t h e  normal, a r e  about 112 t o  3-14 of t h e  magnitude t h a t  would 
be present  i f  t h e  r e f l e c t i o n  of t h e  e n t i r e  beam were d i f f u s e l y  
d i s t r i b u t e d ,  but these  magnitudes a r e  roughly cons i s t en t  wi th  t h e  
f a c t  t h a t  most of t h e  experimental da ta  near t h e  peak a r e  lower 
than t h e  t h e o r e t i c a l  p red ic t ions .  
The high d i r e c t i v i t y  of t h e  r e f l e c t e d  d i s t r i b u t i o n s  i s  ap- 
parent .  About 15 times t h e  inc ident  flow would be necessary t o  
f i l l  one s t e r a d i a n  a t  t h e  peak l e v e l s  of s i g n a l .  However, t h e  
Ag (111) i s  a very t i g h t l y  packed l a t t i c e .  For a more open su r -  
face ,  such as  a bcc ( I l l ) ,  we would n o t  a n t i c i p a t e  such a s t rong ly  
d i r e c t e d  s c a t t e r i n g  p a t t e r n  (cf . , Ref. 6)  . 
The data  presented he re  have been r e p l i c a t e d  many times on 
severah f r e s h l y  deposi ted Ag su r faces .  These da ta  were obtained 
with a signaljneise r a t i o  o f  5 and grea te r ,  E r r o r s  in nleasurement 
of the ra.w reflected-beam data were q u i t e  smiE compared to the 
uncertainty in t he  incidenz-beam d e n s i t y  used i n  the nsrnaliza- 
t i o n s  f o r  f ixed  incident beam conditions, Several difkerent d e -  
t e c t o r s  were r o t a t e d  i n t o  a  p a r t i c u l a r  s e t  of r e f l e c t e d  coordi-  
n a t e s  and t h e  repeated  dens i ty  measurements agreed t o  w i t h i n  a  
few percent .  Incident  beam c a l i b r a t i o n  indica ted  a  '10% v a r i a -  
t i o n  about t h e  average inc ident  dens i ty  used i n  t h e  normalizat ion.  
We es t ima te  the  o v e r - a l l  unce r t a in ty  a t  about '15%. 
I n  F i g .  5  seve ra l  d i f f e r e n t  da ta  symbols a r e  used t o  i n d i c a t e  
t h e  use  of d i f f e r e n t  de tec to r s  i n  recording t h e  d a t a .  By con- 
t inuous ly  monitoring s i g n a l s  wi th  d i f f e r e n t  de tec to r s  a t  f i x e d  
r e f l e c t e d  coordinates ,  we were a b l e  t o  determine t h e  su r face  con- 
d i t i o n  r e l a t i v e  t o  t h e  o r i g i n a l  su r face  condi t ion when t h e  Ag 
source was a c t i v e .  We found t h a t  a f t e r  the  su r face  was exposed t o  
t h e  beam pulse  approximately 6 t o  8 t imes,  t h e  su r face  degraded i n  
a discontinuous fashion;  t h a t  i s ,  t h e  s igna l  a t  a p a r t i c u l a r  co- 
o rd ina te  d i f f e r e d  s i g n i f i c a n t l y  from t h a t  obtained on t h e  previous 
run .  When we continued t o  survey t h e  s c a t t e r e d  f i e l d ,  new d i s t r i -  
but ions were obtained.  The new d i s t r i b u t i o n s  were d i f f i c u l t  t o  
complete because a f t e r  t h e  t r a n s i t i o n  t h e r e  was a  continuous slow 
v a r i a t i o n  of the  s i g n a l  a t  each measurement poin t  from run t o  run .  
Sca t t e red  d e n s i t y  f i e l d s  i n  plane and 30" out of p lane  a r e  
shown -rin Fig, 8 for a 2 e V  argozs 'beam i n c i d e n t  at 50" w i t h  
r e spec t  t o  the ~ a r g e t  normal, 'he cli s%ri-but ions obtained from a 
freshly deposited surface are indicated by open symbols, and t he  
d i s t r i b u t i o n s  from the  same surface after it had changed character 
a r e  ind ica ted  by f i l l e d  symbols. For t h e  f r e s h  su r face  cond i t ion ,  
w e  had a g r e a t  dea l  of t r o u b l e  obta in ing  reproducib le  peak magni- 
tudes using t h e  2 eV beam. Peak magnitudes obtained us ing  sev- 
e r a l  d i f f e r e n t  sur faces  ranged from 15 t o  21 per s t e r a d i a n .  A 
l a r g e  enough s t a t i s t i c a l  sample i s  not  a v a i l a b l e  a t  t h i s  time 
(5 sur faces  have been t e s t ed )  t o  allow a meaningful average of t h e  
d a t a  and, the re fo re ,  we simply show t h e  va lue  t h a t  most f r equen t ly  
occurred. The measurement e r r o r s  previously discussed f o r  the  
1 eV d a t a  should a l s o  be appl ied  t o  these  d a t a .  
The loca t ions  of t h e  experimental peak magnitudes i n  t h e  plane 
of incidence f o r  both f r e s h  and a l t e r e d  su r faces  a r e  i n  f a i r  agree- 
ment wi th  p red ic t ions  a t  both 1 and 2 eV, and these  measure- 
ments were r e p l i c a t e d  f o r  a l l  su r faces  t e s t e d .  The r e l a t i v e l y  
poor agreement of t h e  out of plane measurements f o r  t h e  2 eV 
cases  i s  cons i s t en t  wi th  the  increased d i r e c t i v i t y  observed i n  t h e  
corresponding in-plane d a t a .  Comparing t h e  1 /2  widths of t h e  ex- 
perimental  d i s t r i b u t i o n  a t  1/2 maximum amplitude wi th  theory f o r  
the  1 eV and 2 eV heams i nc iden t  a t  50' i nd ica tes  t h a t  the  
difference i n  d ispers ion  between t h e o r e t i c a l  and experimental d i s -  
t r i b u t i o n s  is n u c h  larger in the 2 e V  c a s e ,  A similar conclusion 
can be drawn by inspecring the qua1 itative d i s t r i b u t i s r ~ s  obtained in 
R e f ,  7 f o r  I eV and 2-56 eV argon beans scattered f rom epi- 
t a x i a l l y  depos i t ed  Ag films, 
E 
- 
Veloci ty rnaasurements using t h e  time of f l i g h t  technique and 
t h e  d i f f e r e n t i a t e d  dens i ty  records were described i n  an e a r l i e r  
sec t ion .  Some t y p i c a l  v e l o c i t y  da ta  f o r  the 2 eV inc iden t  beam 
a r e  shown i n  Fig.  5. In  Fig.  9 the  in-plane mean v e l o c i t y  d i s t r i b u -  
t i o n  i s  shown f o r  the 2 eV argon, 50' incidence case.  The p l o t  
shows the  measured v e l o c i t y ,  expressed a s  a  f r a c t i o n  of t h e  inc ident  
v e l o c i t y ,  a s  a  funct ion of the r e f l e c t e d  de tec to r  angle  8 ,  and 
compared t o  the  t h e o r e t i c a l  p red ic t ions .  
The time of a r r i v a l  a t  the t a r g e t  i s  ca lcu la ted  by using an 
average value of the beam v e l o c i t y  t h a t  was obtained i n  previous 
c a l i b r a t i o n s  f o r  the  p a r t i c u l a r  source condi t ions employed i n  the  
experiment. During the c a l i b r a t i o n ,  small  v a r i a t i o n s  i n  shock 
speed caused devia t ions  from the  average of v e l o c i t y  by a s  much 
a s  + 10%. An a d d i t i o n a l  e r r o r  of k 5% was always present  be- 
cause of inaccuracies  i n  reading the  scope t r a c e .  For the  worst 
case ,  the time of a r r i v a l  a t  the t a r g e t  could be i n  e r r o r  by ap- 
proximately 5 12%. This unce r t a in ty  i n  time can rep resen t  a  
20% e r r o r  i n  the measurement sf  the  r e f l e c t e d  beam v e l o c i t i e s  
when V / V ~  i s  approximately u n i t y  because of the  s b o r t  r e f l e c t e d  
beam p a t h  l e n g t h s  (W 18 em), The measurements shown may be sub- 
stantially better than the above implies because an E-put 
counter  was used t o  measure the shock speed in the shock tube, and 
we could co r recc  f o r  small  changes i n  shock tube condi t ions .  En 
f u t u r e  experiments the  inc ident  beam s i g n a l  w i l l  be recorded on 
every t e s t  run and the  over -a l l  accuracy of the measurements w i l l  
be considerably improved. 
i son  w i t h  Previ  
Experimental da ta  repor ted  by Romney and ~ n d e r s o n ~  f o r  s c a t -  
t e r i n g  of argon beams i n  t h e  energy range .05 eV t o  5 eV from 
e p i t a x i a l l y  deposi ted Ag f i lms  desons t ra te  q u a l i t a t i v e  agreement 
w i t h  our da ta  and w i t h  t h a t  of Ref. 9 .  Rornney's da ta  a l s o  i n d i c a t e  
t h a t  the  t rends  i n  peak magnitude d i r e c t i o n  and i n  the  half-width 
a t  half-maximum amplitude of the  s c a t t e r e d  dens i ty  d i s t r i b u t i o n s  
2 based on OLnznf s  model a r e  q u a l i t a t i v e l y  c o r r e c t .  I n  F i g .  10 ,  
Romney's da ta  f o r  measured peak magnitude d i r e c t i o n  a s  a  funct ion  
of inc iden t  beam energy, w i t h  incidence angle  f ixed  a t  50° ,  a r e  
shown. O u r  da ta ,  Sal tsburg and Smith%s, olJr t h e o r e t i c a l  predic-  
t i o n s ,  and p red ic t ions  obtained from the  hard cube model of Logan, 
Keck, and St ickneyl l  a r e  a l s o  shown. The discrepancy between the  
l a t t e r  theory and experiment a t  t h e  higher beam energies  i s  t o  be 
expected because the assumptions made in t h e i r  model are v a l i d  
only a.k: Low i n c i d e n t  energy,  In p a r t i c u % a r ,  we believe t h a t  the 
assumption of tangencia1 aomentum csnserva t im does no t  a p p l y  
when the i nc iden t  gas atom becomes energetic enough (csllisLon 
c r o s s  s e c t i o n  becomes small compared t o  the  nearest-neighbor 
spacing i n  the  l a t t i c e )  t o  penet ra te  i n t o  the  l a t t i c e  p o t e n t i a l  
f i e l d .  We bel ieve  i t  i s  t h i s  s i z e  dependence on energy ( s t r u c -  
t u r a l  s c a t t e r i n g )  t h a t  i s  respons ib le  f o r  the  peak d i r e c t i o n  r e -  
v e r s a l  shown i n  Fig .  11. 
We d i d  no t  observe experimentally the  change i n  amplitude 
t r end  i n  our 1 eV and 2 eV data ,  and Romney and ~ n d e r s o n ~  have 
n o t  observed it up t o  energies  of 5 eV; although t h e i r  two dimen- 
s i o n a l  conf igura t ion  might delay the  apparent magnitude r e v e r s a l  a 
l i t t l e .  Since t h e  t rends  depend on the  s i z e  of the  inc iden t  gas 
atom f o r  f ixed  sur face  condi t ions ,  t h e  turn-around energy f o r  a 
neon beam should be much lower than t h a t  f o r  an argon beam. We 
have some preliminary experiments w i t h  neon t h a t  i n d i c a t e  such 
i s  the  case ,  but t h e  expected behavior i s  shown c l e a r l y  i n  t h e  
r e s u l t s  of Mi l l e r  and ~ u b b a r a o . ~  The main fea tu re  of our neon 
da ta  i s  t h a t  the  d i s t r i b u t i o n s  a r e  c o n s i s t e n t l y  more sharply d i -  
r ec ted  (amplitude about twice a s  l a rge )  khan predicted by c a l -  
c u l a t i o n s ,  
Surface Cbarae~erization -- 
T h e  h eV, 50" incidence sca t te r ing  data  f o r  argon w r e  
used t o  de%Ene acceptable  sur faces  f o r  abB other  experiments, 
Immediately a f t e r  a sur face  was deposi ted,  we measured t h e  peak 
magnitude of t h e  r e f l e c t e d  s i g n a l  f o r  the  above t e s t  condi t ions  
before  proceeding w i t h  t he  new experiment. Subsequent changes 
i n  sur face  condi t ion  were observed by repeatedly  measuring t h e  
r e f l e c t e d  da ta  a t  p a r t i c u l a r  coordinates  w i t h  s eve ra l  d i f f e r e n t  
d e t e c t o r s .  
Quant i ta t ive  a n a l y s i s  of seve ra l  t e s t  sur faces  was performed 
by the  s t a f f  of our Mater ia ls  Research Laboratory a f t e r  the spec i -  
mens were removed f r o a  the t e s t  chamber. X-ray d i f f r a c t i o n  pa t -  
t e r n s  and e l e c t r o n  probe microanalysis measurements were made on 
contaminated sur faces  (exposed t o  argon beam) and on f r e s h l y  de- 
pos i ted  sur faces  as we l l  a s  on t h e  mica s u b s t r a t e s  and s i l v e r  r e -  
moved from the  s i d e s  of the  oven. The r e s u l t s  of these  s t u d i e s  
a r e  summarized below. 
The X-ray d i f f rac tometer  t r a c e s  indica ted  t h a t  the  deposited 
s i l v e r  f i lms  have an f c c  l a t t i c e  s t r u c t u r e  t h a t  i s  almost com- 
p l e t e l y  or ien ted  (> 95%) along t h e  (111) planes.  The presence 
of t w o  impurity phases was a l s o  evident  i n  these  t r a c e s .  Both i m -  
p u r i t i e s  were indica ted  as bcc (211)  surfaces, One of the  impuri- 
t i e s  had a unit c e l l  parameter of 4.681j-, and it was ~~ggested 
t h a t  t h i s  might be t h e  cubic  coqpo?~nd k 4 O 3  w h i c h  h a s  a r epor t ed  16  
Lat t ice  parameter sf 4,55i. Ttie o t h e r  impurity could n o t  be iden-  
t i f i e d  because i t s  measured l a t r i c e  parameter of 5.09A could  n o t  
be a s soc ia ted  w i t h  any of t h e  repor ted  oxides of s i l v e r .  S i l v e r  
oxides were sought because t h e  e l e c t r o n  probe f luoresence scan of 
a l l  elements w i t h  atomic number >5 - i nd ica ted  t h e  presence of 
only s i l v e r  and oxygen. Both of the  sur face  d iagnos t ic  methods 
showed s i g n i f i c a n t  increases  i n  impurity content  on those su r f  aces  
t h a t  had been exposed t o  argon b e a m .  
7 Romey and Anderson a l s o  repor t  t h a t  su r face  analyses  con- 
ducted on t e s t  sur faces  a f t e r  t h e i r  removal from the  t e s t  chamber 
i n d i c a t e  t h e  presence of impur i t i e s .  These impur i t ies  showed a 
bcc s t r u c t u r e  and a l a t t i c e  parameter of 5.523 .  Since t h e i r  
1 eV s c a t t e r i n g  da ta  a r e  i n  such exce l l en t  q u a l i t a t i v e  agreement 
with ours ,  one might specula te  t h a t  none of these  impur i t i e s  were 
present  during t h e  experiments; t h a t  i s ,  t h e  sur face  contamination 
occurred a f t e r  t h e  su r faces  were exposed t o  t h e  laboratory environ- 
ment. I f  t h i s  i s  t h e  case,  then t h e  d i f fe rences  i n  oxide concen- 
t r a t i o n  c i t e d  above f o r  our sur faces  could be due t o  slow oxide 
formation a t  room temperature,17 s ince  t h e  beam-exposed t a r g e t  was 
aged i n  atmosphere s i g n i f i c a n t l y  longer than the  f r e s h l y  deposi ted 
t a r g e t .  On t h e  o t h e r  hand, t h e  changes i n  t h e  magnitude of t h e  
scattered molecular beam signal observed in cmr experiments a f t e r  
many beam exposures might be the r e s u l t  s f  surface degrada t ion  
caused by repeated in te rac t ion  ketb~een s o l i d  o r  gaseous shock tube  
contaminants and t h e  t a r g e t .  Visual inspect ion  of t h e  t e s t  sur -  
f a c e s  a t  150 power a f t e r  repeated  beam exposure d id  not  i n d i c a t e  
any physical  damage, but a f a i n t  o u t l i n e  of t h e  beam impingement 
e l l i p s e  i s  v i s i b l e  wi th  t h e  naked eye-under  c e r t a i n  l i g h t i n g  condi- 
t i o n s .  Vapor-deposited sur faces  obtained i n  our labora tory  and 
elsewhere7'$ d i d  n o t  appear t o  be contaminated f o r  very long time 
-6 per iods i n  moderate vacuums of 10 t o  t o r r ,  even a f t e r  
d e l i b e r a t e  exposure t o  a v a r i e t y  of r e a c t i v e  gases ,  a s  long a s  the 
su r faces  a r e  kept a t  about 560°K. 
9 Sa l t sburg  and Smith suggested t h a t  t h e  most l i k e l y  reason f o r  
t h e  s t a b i l i t y  of t h e i r  sur faces  was t h e  formation of a s t rongly  
bound contaminant l aye r  during depos i t ion .  They pos tu la ted  t h a t  
slow adsorpt ion of a more weakly bound l a y e r  during vacuum aging 
r e s u l t e d  i n  t h e  observed su r face  degradat ion.  The f indings  of our 
su r face  s t u d i e s  a r e  not  incons i s t en t  wi th  t h e i r  mechanism, but 
n e i t h e r  do we have any evidence t o  support i t .  The quest ion of 
su r face  contamination and i t s  connection t o  beam exposure obviously J 
needs f u r t h e r  s tudy.  
CONCLUSIONS 
- 
T h e  r e s u 1 . t ~  we have obtained iasdicate t h a t  t h ree  dimensional 
numerical c a l c u l a t i o n s  of t h e  s c a t t e r e d  densiey f i e l d s  r e s u l t i n g  
from t h e  i n t e r a c t i o n  of argon atoms w i t h  f cc  (111) Ag f i lms  a r e  
i n  good q u a n t i t a t i v e  agreement w i t h  s eve ra l  independent measure- 
ments. Spec i f i ca l ly ,  the  f r a c t i o n  of the  inc iden t  flow t h a t  i s  
s c a t t e r e d  i n t o  a p a r t i c u l a r  s o l i d  angle i s  found t o  be c o n s i s t e n t l y  
c l o s e  t o  t h e o r e t i c a l  p red ic t ions ,  of both i n  and o ~ t  of t h e  plane 
incidence.  Furthermore, the  da ta  obtained by Romney and Anderson 7 
as w 2 1 1  a s  da ta  obtained i n  our work demonstrate t h a t  the  pre-  
d i c t e d  energy t rend r e v e r s a l s  i n  peak d i r e c t i o n  and d i s t r i b u t i o n  
occur a t  about the  expected value of inc ident  energy. 
The peak i n t e n s i t i e s  of the  r e f l e c t e d  beams a r e  much higher  
6 than  those measured i n  t h e  wark of O'Keefe and French, t h e  only 
previous case i n  which q u a n t i t a t i v e  i n t e n s i t y  measurements were 
made. We bel ieve  the  d i f fe rence  i s  due pr imar i ly  t o  the  f a c t  t h a t  
the  tungsten (100) sur face  used by O'Keefe and French i s  milch 
l e s s  t i g h t l y  packed than the  s i l v e r  (111) used here ( the  a r e a  
per  sur face  atom i s  2 .77  times g r e a t e r  f o r  t h e  tungsten su r face ,  
y e t  t h e  sur face  nearest-neighbor d is tances  a r e  nea r ly  equal ;  
3.168 f o r  tungsten versus 2 .868  f o r  s i l v e r ) .  In  t h e  s t r u c -  
t u r a l  scattering domain, t h i s  d i f ference  in apparent roughness 
[ t h e  tungsten (166) shows  a large p i t  i n  the center of each cell] 
should  make a very large di f fe rence  i n  t h e  widths of t h e  observed 
- 
s c a t t e r i n g  p a t t e r n ,  Lt i s  poss ib le  that  t h e  t h e r m a l  and s t r u c -  
t u r a l  s c a t t e r i n g  domains would merge i n  the case of s u c h  an  open" 
l a t t i c e ,  and the  t r end  r e v e r s a l  might be much more d i f f i c u l t  t o  
d e t e c t .  
A few t e s t s  using neon a t  d i f f e r e n t  energies  on Ag (111) 
have shown r e f l e c t e d  peak d i r e c t i o n s  about r i g h t ,  but  magnitudes 
about twice a s  l a r g e  a s  those predic ted  bythe c a l c u l a t i o n s  i n  Ref. 2 ,  
which a r e  no t  s t a t i s t i c a l l y  r e l i a b l e  f o r  these cases .  The t rends  of 
these  d i s t r i b u t i o n s  w i t h  energy, however, do i n d i c a t e  t h a t  the  t r a n -  
s i t i o n  from thermal t o  s t r u c t u r a l  s c a t t e r i n g  does take p lace  i n  the 
genera l  v i c i n i t y  of 0.3 eV, which i s  we l l  wi th in  the  predic ted  
range. This behavior i s  p a r t i c u l a r l y  i n t e r e s t i n g  i n  view of the  f a c t  
t h a t  helium s c a t t e r e d  from Ag (111) c o n s i s t e n t l y  produces very 
sharply s c a t t e r e d  beams, while the  corresponding t h e o r e t i c a l  d i s -  
t r i b u t i o n s  a r e  very broad. We c u r r e n t l y  f e e l  t h a t  the  i m p l i c i t  con- 
nec t ion  i n  the Lennard-Jones 6-12 p o t e n t i a l  between the  a t t r a c t i v e  
binding energy, E, and t h e  s t r eng th  of the repuls ive  force  a t  a  
given short-range p o s i t i o n  ( a l s o  propor t ional  t o  E )  i s  misleading. 
A t  t h i s  time i t  appears t h a t  we should seek a  family of p o t e n t i a l s  
t h a t  would allow the short-range forces  t o  remain s t rong (giving 
larger- looking a t o m s ) ,  while the  a t t r a c t i v e  bond grows weaker a s  
l i g h t e r  noble gases are used, 
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